As erythroid progenitors differentiate into precursors and finally mature red blood cells, lineage-specific genes are induced, and proliferation declines until cell cycle exit. Cul4A encodes a core subunit of a ubiquitin ligase that targets proteins for ubiquitin-mediated degradation, and Cul4A-haploinsufficient mice display hematopoietic dysregulation with fewer multipotential and erythroid-committed progenitors. In this study, stress induced by 5-fluorouracil or phenylhydrazine revealed a delay in the recovery of erythroid progenitors, early precursors, and normal hematocrits in Cul4A ؉/؊ mice. Conversely, overexpression of Cul4A in a growth factor-dependent, proerythroblast cell line increased proliferation and the proportion of cells in S phase. When these proerythroblasts were induced to terminally differentiate, endogenous Cul4A protein expression declined 3.6-fold. Its enforced expression interfered with erythrocyte maturation and cell cycle exit and, instead, promoted proliferation. Furthermore, p27 normally accumulates during erythroid terminal differentiation, but Cul4A-enforced expression destabilized p27 and attenuated its accumulation. 
Introduction
As hematopoietic progenitor cells give rise to more lineagerestricted precursors and finally mature blood cells, they acquire lineage-specific functions, and their proliferative potential declines, usually culminating in G 0 /G 1 arrest. Positive regulators of cell cycle progression are repressed, whereas lineage-specific proteins and regulators that promote cell cycle exit are upregulated. The coordinated regulation of cell cycle progression and differentiation is critical for normal hematopoiesis, and defects in regulation lead to specific lineage deficiencies, leukemia, or marrow failure. Our studies focus on the role that ubiquitin-mediated protein degradation plays in normal hematopoiesis.
The ubiquitin pathway plays an important role in controlling the turnover of intracellular regulators, including those regulating hematopoiesis. In particular, AML1, the p130 pocket protein, p27, and Jak2 are all regulators of hematopoiesis whose degradation is regulated by the ubiquitin pathway. [1] [2] [3] [4] First, a ubiquitin polypeptide is attached to a ubiquitin-activating enzyme (E1), then transferred to a ubiquitin-conjugating enzyme (E2), and next passed on to a ubiquitin ligase (E3), which finally transfers ubiquitin to the substrate protein. 5 Repetition of these reactions results in the attachment of a polyubiquitin chain to the substrate, which is then degraded by the proteasome. Substrate specificity is largely determined by the E3 ubiquitin ligase, and the Cul4A protein is a core subunit of a multisubunit E3 ligase.
Cul4A encodes a member of the cullin protein family, with 7 members identified in mammals (Cul1, 2, 3, 4A, 4B, 5, and 7). 6, 7 Each cullin serves as the scaffold around which the other subunits are assembled, including one that recognizes and binds a specific substrate. 8 Because each cullin can interact with several different substrate recognition subunits, each cullin is required for degrading multiple substrates and for regulating their corresponding cellular functions. Cul4A ubiquitin ligases target for ubiquitination and degradation Cdt1 (required for DNA replication), DDB2 (DNA repair), c-Jun, HoxA9 (development and differentiation), and p53. [9] [10] [11] [12] [13] [14] [15] [16] It is also likely there are additional targets.
Studies in nonhematopoietic cells indicate that Cul4A is required for the ubiquitin-mediated degradation of cell cycle regulators. Cul4A is amplified or overexpressed in breast cancer and hepatocellular carcinomas, suggesting a role in regulating the cell cycle. 17, 18 Also, nuclear Cul4A increases slightly near the G 1 /S boundary in synchronized HeLa cells, and in a genome-wide analysis of human fibroblast transcripts, Cul4A mRNA was highly expressed at the G 1 /S transition. 12, 19 In hematopoietic cells, Cul4A is involved in regulating proliferation and differentiation in maturing granulocytes or monocytes. 15, 20 We found that Cul4A expression declines during the differentiation of PLB-985 cells (a human, myelomonoblastic cell line) into either granulocytes or monocytes. Enforced Cul4A expression attenuates their differentiation and instead promotes proliferation, indicating that this decline is required for normal differentiation. Our in vivo studies suggest that Cul4A is more broadly required for myeloid and erythroid differentiation and for normal development. 21 Cul4A-deficient mice die between 4.5 and 7.5 days after coitus (dpc). However, Cul4A ϩ/Ϫ mice are viable, express approximately half the wild-type level of Cul4A, and appear normal, but they have fewer erythroid and multipotential myeloid progenitors, more than 5-fold and 3-fold fewer, respectively. 20, 21 Because Cul4A haploinsufficiency has a greater effect on erythroid progenitors, we investigated further its role in regulating erythropoiesis.
Here we report that underexpression and overexpression of Cul4A each affect erythroid cell proliferation. Studies with Cul4A ϩ/Ϫ mice indicate that Cul4A haploinsufficiency delays the recovery of erythroid progenitors and proerythroblasts after stress induced by 5-fluorouracil or phenylhydrazine. Conversely, overexpression of Cul4A in a proerythroblast cell line increased proliferation. As these cells terminally differentiate, Cul4A declined 3.6-fold, and its enforced expression interfered with erythrocyte maturation and cell cycle exit. Enforced Cul4A expression prevented p27 accumulation during terminal differentiation by reducing p27 protein stability. Furthermore, Cul4A and p27 interact in co-immunoprecipitations. Overall, these findings indicate that Cul4A regulates erythrocyte proliferation by targeting p27 for ubiquitin-mediated degradation and that the decline in Cul4A during terminal differentiation allows p27 levels to increase and signal cell cycle exit.
Materials and methods

Mice and treatments
Cul4A ϩ/Ϫ mice and wild-type littermate controls (backcrossed into C57BL/6 11 or more generations) were generated and genotyped as described. 21 Sex-matched 6-to 8-week-old mice were used for all experiments. 5-Fluorouracil (5-FU; Faulding Pharmaceutical Elizabeth, NJ), was administered as a single intraperitoneal injection of 150 mg/kg. Phenylhydrazine was administered and blood samples for hematocrits were obtained and analyzed as described. 22 
Hematopoietic progenitor cell assay
Bone marrow cells were harvested, and hematopoietic progenitors were assayed as described. 20, 23 
Flow cytometry
Freshly isolated bone marrow cells were isolated and stained with phycoerythrin (PE)-conjugated anti-Ter119 (1 g/mL; PharMingen, San Diego, CA) and fluorescein isothiocyanate (FITC)-conjugated anti-CD71 (1 g/mL; PharMingen) antibodies and analyzed using a FACScan flow cytometer (Becton Dickinson, San Jose, CA) as described. 22 For cell cycle analyses, cells were treated and analyzed as described. 20 Cell culture and differentiation G1E-ER4 cells were a generous gift from M. Weiss (Children's Hospital, Philadelphia, PA) and were maintained and induced to differentiate with 10 Ϫ7 M ␤-estradiol (Sigma, St Louis, MO) as described. 24, 25 
Plasmid constructions and transfections
A hemagglutinin antigen (HA) epitope-tagged Cul4A cDNA 20 was inserted into the NotI site of MIEG3 (a retroviral vector with a green fluorescent protein [GFP] marker) 26 to generate MIEG3-Cul4A-HA. Phoenix ecotropic cells (American Type Culture Collection, Manassas, VA) were transiently transfected with empty MIEG3 or MIEG3-Cul4A-HA via Lipofectamine 2000 (Invitrogen, Carlsbad, CA). Supernatants were collected 48 hours after transfection, and 2 mL virus supernatant supplemented with 8 g/mL Polybrene was used to transduce 0.5 ϫ 10 6 G1E-ER4 cells. Transduced GFP ϩ cells were selected using a fluorescence-activated cell sorter (FACS; Becton Dickinson) and expanded in culture. Independently transduced and selected populations of cells were used for independent experiments.
Immunoblots
Cells lysates were prepared and fractionated, and immunoblots were prepared as described. 20 Loading was normalized with respect to ␤-actin. Cul4A protein was detected with 1:3000 diluted anti-Cul4A antiserum 20 followed by 1:10 000 diluted anti-rabbit immunoglobulin G (IgG) monoclonal antibody (A6154; Sigma). Antiactin monoclonal antibody (H5441; Sigma) diluted 1:4000 was followed by anti-mouse IgG antibody (NA931; Amersham Biosciences, Piscataway, NJ) diluted 1:10 000, the HA epitope tag was detected with horseradish peroxidase (HRP)-conjugated anti-HA antibodies (Roche Biochemicals, Indianapolis, IN) diluted 1:2000, and anti-c-Myc or anti-p27 polyclonal antibody (2 g/mL; 06-303 or 06-445, respectively; Upstate Biotechnology, Lake Placid, NY) was followed by goat anti-rabbit IgG antibody (Upstate Biotechnology) diluted 1:5000. ␤-Globin was detected with anti-mouse hemoglobin polyclonal antibody (no. 55447; MP Biomedicals, Aurora, OH) diluted 1:1000, followed by goat anti-rabbit IgG. Rat anti-GATA-1 monoclonal antibody diluted 1:200 was followed by goat anti-rat IgG-HRP diluted 1:10 000 (N1, sc-266 and sc-2032, respectively, Santa Cruz Biotechnology, Santa Cruz, CA).
Proliferation
The proliferation of Cul4A-HA cells and controls was assayed by tritiated thymidine incorporation. 
Immunoprecipitations
Cells were cultured with 10 Ϫ7 M ␤-estradiol for 24 hours, collected, washed with PBS, and lysed, and immunoprecipitations were performed as described. 14 Rabbit anti-Cul4A antiserum (100-401-A04; Rockland, Gilbertsville, PA), rabbit polyclonal anti-p27 antibody (Santa Cruz Biotechnology, sc-776 or Upstate Biotechnology, 06-445), normal rabbit IgG (Santa Cruz Biotechnology, sc-2027), or rabbit polyclonal anti-HA antibody (Santa Cruz Biotechnology, sc-805) were used. Proteins were separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), transferred onto PVDF membranes (Invitrogen), and analyzed by immunoblot as described. 20 
Results
Cul4A haploinsufficiency does not alter the number of erythroid precursor cells
We previously showed that Cul4A haploinsufficiency causes a 5-fold reduction in the number of primitive erythroid progenitors (erythroid blast-forming units [BFU-Es]). 20 We next quantified the number of more mature erythroid colony-forming unit (CFU-E) progenitors in Cul4A ϩ/Ϫ mice. Culture of adult Cul4A ϩ/Ϫ and wild-type littermate bone marrow hematopoietic progenitors in methylcellulose with recombinant hematopoietic growth factors for 3 days revealed a 2.4-fold reduction in the number of Cul4A ϩ/Ϫ CFU-Es (Table 1) .
We next quantified the numbers of more mature erythroid cells using the Ter119 and CD71 cell surface markers as previously described. 22 The erythroid-specific Ter119 antigen is highly expressed by all erythroid precursors subsequent to proerythroblasts.
Conversely, the transferrin receptor (CD71), although not erythroidspecific, is expressed at high levels by proerythroblasts and early basophilic erythroblasts, and its levels decline with erythroid maturation. Simultaneous immunostaining of these 2 antigens and flow cytometry allow the identification of erythroid precursors at 4 stages of maturation: proerythroblasts, basophilic erythroblasts, late basophilic and polychromatophilic erythroblasts, and orthochromatophilic erythroblasts. 22 For bone marrow cells isolated from adult Cul4A ϩ/Ϫ mice, the frequency of cells in each of these populations was the same as wild-type controls (either with respect to total erythroid precursors or per femur; Table 1 ). They were also the same for cells isolated from Cul4A ϩ/Ϫ or wild-type spleens (data not shown). Therefore, whereas both primitive and more differentiated erythroid progenitors are reduced in Cul4A-haploinsufficient mice, the number of erythroid precursor cells at all stages of maturation examined is normal.
Recovery from 5-FU-induced stress is delayed in Cul4A heterozygous mice While 10% to 20% of primitive erythroid progenitors (BFU-Es) are in cycle and most (60%-80%) of more mature progenitors (CFUEs) are proliferating, early erythroid precursor cells are also mitotically active, with DNA synthesis continuing in proerythroblasts, declining in basophilic erythroblasts, and ceasing at the polychromatophilic erythroblast stage. 27 Perhaps Cul4A is involved in regulating proliferation and its reduction in Cul4A-haploinsufficient mice affects erythroid progenitors, because these mitotically active cells are more susceptible to a deficiency in proliferation. If so, the stress of killing mitotically active cells with 5-FU might reveal a deficiency in the ability of Cul4A ϩ/Ϫ erythroid cells to recover and reestablish normal homeostasis. Cul4A ϩ/Ϫ mice and wild-type controls were treated with 150 mg/kg 5-FU, and hematocrits were monitored during the following 20 days to assess the recovery of mature erythrocytes ( Figure 1A ). Hematocrits for untreated mice of both genotypes are the same, and they declined with similar rates for 8 days after 5-FU. However, at 12 days, wild-type hematocrits increased slightly from their minimum to 28%, whereas those for Cul4A ϩ/Ϫ mice lagged behind at 24% (P ϭ .03). At 14 days, hematocrits for Cul4A ϩ/Ϫ mice recovered to 28%, but continued to lag behind controls (34%), and this trend continued throughout the remainder of the time course (P Յ .04).
Bone marrow erythroid (as well as myeloid) progenitors were also assayed 0 to 7 days after 5-FU treatment and their numbers were normalized with respect to those of untreated mice of the same genotype. Four days after 5-FU, the numbers of wild-type erythroid, multipotential myeloid, and granulocyte/monocyte progenitors per femur were each only 6% to 9% of untreated controls, Cells were isolated from the bone marrow of wild-type and Cul4A ϩ/Ϫ mice. Total bone marrow cells were determined with a Beckman Coulter particle counter. CFU-E colonies were counted 3 days after initiation of the progenitor cell methylcellulose colony assay. Bone marrow cells were incubated with PE-conjugated anti-Ter119 and FITC-conjugated anti-CD71 antibodies. Using flow cytometry, 4 cell populations of erythroid precursors were defined with specific staining characteristics: proerythroblasts as Ter119 med CD71 high ; basophilic erythroblasts as Ter119 high CD71 high ; late basophilic erythroblasts and polychromatophilic erythroblasts as Ter119 high CD71 med ; and orthochromatophilic erythroblasts as Ter119 high CD71 low . The data presented are from one representative experiment with 3 wild-type and 3 Cul4A ϩ/Ϫ mice of 4 independent experiments. The data are the mean Ϯ SEM.
*P Ͻ .05. Cul4A ϩ/Ϫ (OE) mice, the mean percentages Ϯ SEM are plotted for the results from 3 independent experiments. At day 12, **P ϭ .03, and for days 14 to 20, *P Յ .04. For days 0 to 16, n ϭ 6-12 mice, and for days 18-20, n ϭ 3-5 mice. (B) Cul4A ϩ/Ϫ and wild-type littermates were treated with 5-FU as described in panel A, bone marrow was isolated from femurs 0, 4, or 7 days later and cultured for 7 days. BFU-Es, CFU-GEMMs, and granulocyte-macrophage colony-forming units (CFU-GMs), as well as total colonies, were counted, and the number of progenitors per femur was calculated and normalized with respect to untreated control mice of the same genotype (100%). The means (Ϯ SEM) for Cul4A ϩ/Ϫ and wild-type animals from 3 independent experiments are shown, where for the 0, 4, and 7 day time points, n ϭ 13, 5, and 9 (respectively) each for wild-type (Ⅺ) and Cul4A ϩ/Ϫ (u) animals. For day 7, *P Ͻ .003. (C) Six Cul4A ϩ/Ϫ and 6 wild-type littermates were treated with 5-FU as described, and 7 days later bone marrow was isolated from femurs, stained with anti-Ter119 and anti-CD71 antibodies, and analyzed by flow cytometry to quantify the frequencies of proerythroblasts (PROERY), basophilic erythroblasts (BASO), late basophilic and polychromatophilic erythroblasts (LATE BASO, POLY), and orthochromatophilic erythroblasts (ORTHO) with respect to total erythroid precursors (see "Materials and methods"). The means (percent Ϯ SEM) are graphed for the results from 2 independent experiments. For proerythroblasts (PROERY), *P ϭ .03 and for basophilic erythroblasts (BASO), **P ϭ .01.
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For personal use only. on January 13, 2018. by guest www.bloodjournal.org From whereas erythroid progenitors in Cul4A ϩ/Ϫ mice were not detected, and myeloid progenitors were only 2.5% to 4.4% of that for untreated Cul4A ϩ/Ϫ animals ( Figure 1B ). The largest difference was observed at 7 days, where wild-type animals recovered 35% to 59% of unstressed levels, but Cul4A ϩ/Ϫ animals reached only 14% to 20% of the numbers for unstressed Cul4A ϩ/Ϫ controls, except for erythroid progenitors which remained undetectable (P Ͻ .003). Seven days after 5-FU, when the recovery of erythroid progenitors in Cul4A ϩ/Ϫ mice showed the greatest lag, the frequencies of the more mature erythroid precursors were also examined. There was no significant difference in either the total cellularity or total number of erythroid precursors per femur between Cul4A ϩ/Ϫ and wild-type controls (data not shown), so the frequency of each erythroid precursor population was determined with respect to total erythroid precursors as previously described. 22 The frequency of wild-type proerythroblasts was 0.59% Ϯ 0.21%, whereas the frequency of Cul4A ϩ/Ϫ proerythroblasts was 11-fold lower at 0.055% Ϯ 0.01% (mean Ϯ SEM, P ϭ .03; Figure 1C ). The frequency of basophilic erythroblasts was 1.96% Ϯ 0.55% and that for Cul4A ϩ/Ϫ was 6-fold less at only 0.33% Ϯ 0.05% (P ϭ .01). There was no significant difference between the frequencies of Cul4A ϩ/Ϫ and wild-type late basophilic and polychromatophilic erythroblasts, and the frequency of orthochromatophilic erythroblasts was only slightly greater in Cul4A ϩ/Ϫ bone marrow, with 91.00% Ϯ 1.21% for wild-type and 94.90% Ϯ 0.48% for Cul4A ϩ/Ϫ (P ϭ .01).
Recovery from an erythroid-specific stress is delayed in Cul4A heterozygous mice
Because multipotent progenitors (granulocyte, erythrocyte, megakaryocyte, macrophage colony-forming units [CFU-GEMMs]) are reduced in Cul4A ϩ/Ϫ mice, 20 it was possible that the 5-FU treatment did not directly affect the erythroid lineage and that the delayed recovery of erythroid progenitors and precursors might result from a sluggish recovery of CFU-GEMMs. Therefore, the recovery of Cul4A-haploinsufficient mice from an erythroidspecific stress was examined. Cul4A ϩ/Ϫ and wild-type adult mice were subjected to a brief, chemically induced hemolytic anemia by subcutaneous injection with phenylhydrazine on days 0, 1, and 3 ( Figure 2A ). 22 Hematocrits were monitored on days 0 to 7. Hematocrits in Cul4A ϩ/Ϫ and wild-type mice declined at similar rates until day 3. By day 5, hematocrits for both had increased slightly, but whereas the hematocrits for wild-type mice increased to 52.7% Ϯ 1.2% by day 7, those for Cul4A ϩϪ mice lagged behind at 47.2% Ϯ 1.4% (P ϭ .01). These results demonstrate that Cul4A haploinsufficiency directly affects the erythroid lineage.
Because there was a significant delay in the recovery of mature erythrocytes in the peripheral blood of Cul4A ϩ/Ϫ mice at 7 days, we examined whether there were also fewer bone marrow erythroid precursors at an earlier time point. At 5 days, total cellularity and total erythroid precursors per femur were both significantly lower in Cul4A ϩ/Ϫ bone marrow compared to wild-type controls (25% fewer total cells and 26% fewer erythroid precursors; Figure 2B ), so the number of cells in each erythroid precursor population per femur was analyzed. There were 4-fold fewer proerythroblasts in Cul4A ϩ/Ϫ mice compared to wild-type controls (1.8 ϫ 10 6 compared to 7.2 ϫ 10 6 cells, respectively, P Ͻ .001) but no significant differences between the more mature erythroid precursors ( Figure 2C) .
The reduced frequencies of erythroid and myeloid progenitors and precursors could result from an intrinsic property of Cul4A ϩ/Ϫ hematopoietic cells or they might require haploinsufficient, nonhematopoietic cells. Therefore, Cul4A ϩ/Ϫ or wild-type bone marrow cells were transplanted into wild-type recipients, and the number of spleen colony-forming units were enumerated 8 days later (CFU-S 8). These Cul4A ϩ/Ϫ primitive progenitors yielded 3.4-fold fewer colonies than wild-type, consistent with the Cul4A ϩ/Ϫ progenitor/ precursor defect originating in hematopoietic cells ( Figure 2D) . Therefore, reduced Cul4A expression results in fewer erythroid progenitors and a delay in the recovery of these progenitors, proerythroblasts, and basophilic erythroblasts following stress directed at proliferating cells. Proerythroblast recovery is also delayed after an erythroid-specific stress. Overall, multiple in vivo and in vitro assays show consistent and significant, albeit modest for some, reductions in the ability of the erythroid lineage in Cul4A-haploinsufficient mice to recover normal levels of erythroid progenitors and early precursors following stress. These findings suggest that Cul4A plays a positive role in regulating the proliferation of these erythroid populations. To test further this possibility, we examined the effect of overexpressing Cul4A on the proliferation and differentiation of proerythroblasts.
Cul4A overexpression promotes proliferation in proerythroblasts G1E-ER4 cells are a growth factor-dependent, erythroid cell line-derived from GATA-1 null mice, where GATA-1 function was Figure 2 . Recovery from an erythroid-specific stress is delayed in Cul4A heterozygous mice. (A) Twelve Cul4A ϩ/Ϫ and 12 wild-type littermate controls were treated with 50 mg/kg phenylhydrazine on days 0, 1, and 3 (indicated by arrows), and hematocrits were measured at days 0 to 7. The mean (percent Ϯ SEM) for wild-type (Ⅺ) and Cul4A ϩ/Ϫ (OE) mice are graphed for 2 independent experiments. At day 7, *P ϭ .01. (B) Six Cul4A ϩ/Ϫ and 6 wild-type mice were treated with phenylhydrazine as described in panel A, and bone marrow was isolated at day 5. Total cellularity per femur was determined and the number of erythroid precursors per femur for each mouse was determined (see "Materials and methods"). The means (cells per femur Ϯ SEM) are graphed for the results from 2 independent experiments. *P Ͻ .001. (C) For the 6 Cul4A ϩ/Ϫ and 6 wild-type mice described, the number of cells in each of the 4 erythroid precursor populations (described in "Results" and for Figure 1C) was determined, and these results from 2 independent experiments are graphed (mean Ϯ SEM). For proerythroblasts (PROERY), *P Ͻ .001. (D) Spleen colony-forming unit (CFU-S) assays were performed by injecting 3 ϫ 10 4 low-density mononuclear bone marrow cells isolated from 4 wild-type or 4 Cul4A ϩ/Ϫ mice into the tail vein of lethally irradiated adult, female, C57BL/6 recipients (3-4 recipients per wild-type or Cul4A ϩ/Ϫ donor). After 8 days, spleens were removed and fixed in Telly fixative (20 parts 70% ethanol, 1 part glacial acetic acid, 1 part formalin), and the numbers of macroscopic colonies were counted. Means Ϯ SEM for the combined results from 2 independent experiments are graphed. When the results for these 4 Cul4A ϩ/Ϫ and 4 wild-type donors were compared, *P ϭ .005.
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with estrogen-activated GATA-1. 25 They proliferate continuously as immature proerythroblasts in culture with supplemented erythropoietin (Epo) and SCF, and 10 Ϫ7 M ␤-estradiol activates the GATA-1 fusion, which induces terminal differentiation. Cul4A was stably overexpressed in G1E-ER4 cells (see "Materials and methods"). To distinguish between endogenous and exogenous Cul4A, Cul4A was overexpressed as a Cul4A-HA fusion. 20 Using anti-Cul4A antisera to measure total Cul4A (both endogenous and HA tagged), Cul4A-HA cells were found to express 2-fold more Cul4A than G1E-ER4 cells transduced with empty vector (Figure 3A middle panel) . The multiple immunoreactive bands correspond to unmodified Cul4A, Cul4A-HA, Cul4A modified by Nedd8 (a previously reported modification), and Cul4A-HA modified by Nedd8. 20, 28, 29 To assess the effect of overexpressing Cul4A on proliferation, tritiated thymidine incorporation was measured in Cul4A-HA cells and found to be 34% greater than that for empty vector controls (P ϭ .04; Figure 3B ). Because increased proliferation might result from a larger proportion of cells in S phase, the cell cycle distribution of Cul4A-HA cells was analyzed. Cul4A-HA cells had 8% more cells in S phase than controls (65.12% Ϯ 0.86% compared to 60.27% Ϯ 1.96%, respectively, P ϭ .02; Figure 3C ). Correspondingly, there were fewer Cul4A-HA cells in G 1 phase. 25 (25.13% Ϯ 0.32% compared to 28.2% Ϯ 1.5% for controls, P ϭ .04). The difference between the proportion of Cul4A-HA cells and empty vector control cells in G 2 /M was not significant. Similar results were obtained when Cul4A was overexpressed 2.2-fold in G1E-ER2 cells, another independently derived G1E-ER proerythroblast cell line, 24 with 83% more tritiated thymidine incorporation, 20% more cells in S phase, and nearly 24% fewer cells in G 1 phase (data not shown). Therefore, Cul4A overexpression consistently causes an increase in proerythroblast proliferation.
Cul4A regulates erythroid terminal differentiation
We next investigated the role of Cul4A during erythroid terminal differentiation. G1E-ER4 proerythroblasts were induced to differentiate, and Cul4A protein was measured by immunoblot. Cul4A declined 3.6-fold within 48 hours of induction ( Figure 4A ). Cul4A mRNA declined at a similar rate (data not shown). To demonstrate that these cells differentiated into erythrocytes, ␤-globin expression was also measured and confirmed to have increased. 30 In addition, the proportion of cells in S phase decreased from 60% to 6%, whereas that in G 0 /G 1 phase increased from 28% to 81%, in agreement with previous findings. 24, 25 If the down-regulation of Cul4A expression is required for cell cycle exit and erythrocyte maturation, its enforced expression would interfere with these functions. In Cul4A-HA cells, the exogenous Cul4A-HA fusion is expressed from a constitutive promoter, so to verify its enforced expression in Cul4A-HA cells during erythroid differentiation, protein lysates were prepared from empty vector control and Cul4A-HA cells 0, 24, and 48 hours after induction to differentiate, and total Cul4A protein (native and Cul4A-HA) was measured by immunoblot. Whereas native Cul4A declined in the empty vector control cells, total Cul4A remained constant in Cul4A-HA cells ( Figure 5 ).
Cul4A-HA and empty vector control cells were then induced to differentiate for 48 hours, and tritiated thymidine incorporation was measured. Whereas control cells incorporated only 460 Ϯ 220 cpm, Cul4A-HA cells incorporated 8.4-fold more, with 3860 Ϯ 540 cpm ( Figure 4B ). Next, cell cycle distribution was measured 0 to 48 hours after induction. As expected, the proportion of empty vector control cells in S phase declined 8-fold from 58% to 7%, but that for Cul4A-HA cells only dropped 1.8-fold from 63% to 36% ( Figure 4C) . Correspondingly, the proportion of control cells in G 0 /G 1 increased from 29% to 77%, whereas that for Cul4A-HA cells increased from 24% to only 54%.
We next examined the effect of enforced Cul4A expression on erythrocyte maturation, as indicated by ␤-globin induction. Cul4A-HA and empty vector control cells were induced to differentiate, protein lysates were prepared at 0, 24, and 48 hours, and the amounts of ␤-globin and c-Myc were quantified by immunoblot. Whereas ␤-globin increased dramatically in controls, its induction was severely reduced in Cul4A-HA cells ( Figure 5 ). Also, c-Myc expression normally declines during erythrocyte terminal differentiation, but Cul4A-enforced expression greatly attenuated this decrease.
Because Cul4A is an E3 ligase subunit, our findings suggest that a Cul4A-containing ubiquitin ligase targets for degradation one or more regulators that promote cell cycle exit and/or erythrocyte maturation. GATA-1 triggers both of these functions. 25 Also, during the terminal differentiation of erythroid cell lines, p27 protein increases coincident with G 1 arrest. 31, 32 In addition, Rylski and coworkers showed that in G1E-ER4 cells induced to differentiate, GATA-1 activation results in cell cycle arrest and p27 accumulation. 25 Therefore, we examined the effect of Cul4A-enforced expression on the up-regulation of GATA-1 and p27 during terminal erythroid differentiation.
After induction to differentiate, GATA-1 expression increased in both control and Cul4A-HA cells, indicating that Cul4A does not target GATA-1 for degradation. Although p27 levels increased For personal use only. on January 13, 2018. by guest www.bloodjournal.org From during erythrocyte differentiation, enforced Cul4A expression severely reduced its accumulation, suggesting that Cul4A targets p27 for degradation and that during terminal erythroid differentiation, down-regulation of Cul4A allows the accumulation of p27, which signals cell cycle exit.
Cul4A promotes the proteasome-dependent degradation of p27
As part of a ubiquitin ligase, Cul4A targets proteins for degradation by the proteasome. [9] [10] [11] [12] [13] [14] [15] [16] To show that p27 is regulated by the proteasome in proerythroblasts, G1E-ER4 cells were treated for 4 hours with 5 or 10 M of the 26S proteasome inhibitor, MG132, and p27 protein was measured by immunoblot. Inhibiting proteasome function caused the accumulation of p27 protein, indicating that proteasome function is required to establish the steady-state level of p27 ( Figure 6A) .
If p27 is a Cul4A ubiquitin ligase substrate, then p27 should be destabilized when Cul4A is overexpressed. Because p27 protein levels are relatively low in proliferating proerythroblasts, and because we observe the largest effect of Cul4A overexpression after induction to differentiate, we analyzed p27 stability 24 hours after induction to differentiate. Cycloheximide (10 g/mL) was added to stop protein synthesis, and p27 protein levels were quantified by immunoblot. When Cul4A was overexpressed, the decay rate of p27 protein increased 6.7-fold, with a half-time of only 15 minutes for Cul4A-overexpressing cells and 103 minutes for controls ( Figure 6B ).
Cul4A might act indirectly to promote p27 degradation, so we determined whether Cul4A and p27 physically interact. Again, because p27 protein levels are low in proliferating G1E-ER4 proerythroblasts, Cul4A-HA cells were induced to differentiate for 24 hours and then either anti-p27, anti-Cul4A, or anti-HA antibodies were used to immunoprecipitate p27, both Cul4A and Cul4A-HA, or Cul4A-HA, respectively, and their interactions were tested by immunoblot ( Figure 6C lanes 1-4) . Immunoprecipitated Cul4A-HA copurified with p27, and the reciprocal occurred as well (lanes 2 and 4) . Therefore, overexpressed Cul4A (as epitope-tagged Cul4A-HA) physically interacts with p27. Based on known cullin-containing ubiquitin ligase structures, it is likely a substraterecognition subunit bridges their interaction. 8 This result also indicates that the overexpressed Cul4A-HA acts as part of a ubiquitin ligase to target p27 degradation, increase proliferation, and interfere with terminal erythroid differentiation and cell cycle exit.
Although Cul4A is overexpressed only 2-fold, it was possible that the excess Cul4A results in an interaction with p27 that does not normally occur. Therefore, anti-Cul4A and anti-p27 antibodies were each used to immunoprecipitate their corresponding proteins from G1E-ER4 lysates, where Cul4A is not overexpressed, and their interactions were tested by immunoblot ( Figure 6C lanes 5-9) . The interaction between Cul4A and p27 persists ( Figure 6C lanes 8  and 9) , demonstrating that this interaction is not an artifact of Cul4A overexpression and that it occurs under native conditions. . Enforced expression of Cul4A promotes proliferation in proerythroblasts induced to differentiate. G1E-ER4 cells were induced to differentiate into erythrocytes, and Cul4A and ␤-globin protein levels were measured by immunoblot of 10 g total lysate. The amounts of immunoreactive protein were quantified and normalized with respect to ␤-actin. DNA content was determined by propidium iodide staining and flow cytometry, and the relative number of cells in S phase was determined. Representative results from 3 independent experiments are shown. (B) Cul4A-HA and empty vector control cells were plated at 2.5 ϫ 10 4 cells/well in triplicate in 96-well plates, induced to differentiate, and cultured for 48 hours. Then tritiated thymidine incorporation during 8 hours was quantified. The means (cpm Ϯ SEM) of 2 independent experiments are graphed. *P ϭ .01. (C) Cul4A-HA (OE) and empty vector control cells (f) were induced to differentiate, and aliquots of cells at 0, 24, and 48 hours after induction were stained with propidium iodide and analyzed by flow cytometry to determine the proportion of cells in each phase of the cell cycle. The mean (percent Ϯ SEM) in either G0/G1 or S phase is graphed with respect to hours after induction for 3 independent experiments.
To assess whether Cul4A regulates p27 in vivo, p27 protein was measured in proerythroblasts and basophilic erythroblasts from Cul4A ϩ/Ϫ and wild-type mice. In unstressed mice, the low frequency of these cells made it difficult to detect Cul4A and p27, so the frequency of these cells was increased by treatment with phenylhydrazine. Under these conditions, p27 levels were 2.7-fold higher in Cul4A ϩ/Ϫ cells, consistent with Cul4A regulating p27 in vivo in these early erythroid precursors (Figure 7) . Cul4A protein expression in the Cul4A ϩ/Ϫ samples was approximately one-half that in wild-type controls, in agreement with our previous findings. 21 
Discussion
We investigated the role of Cul4A, which encodes a ubiquitin ligase core subunit, in regulating erythropoiesis, erythrocyte maturation, and cell cycle exit. We hypothesized that Cul4A positively regulates proliferation, so in Cul4A-haploinsufficient mice, proliferating populations of erythroid cells would be expected to exhibit a deficiency in their ability to increase proliferation. The delayed recovery of Cul4A ϩ/Ϫ progenitors after 5-FU-induced stress supports this model. The accompanying reduction in proerythroblasts and basophilic erythroblasts might result because Cul4A haploinsufficiency also reduces their capacity to increase proliferation. Alternatively, their reduced numbers might indirectly result from the reduction in progenitors. However, the findings that Cul4A overexpression in G1E-ER4 proerythroblasts increases their proliferation and interferes with maturation and cell cycle exit are consistent with a direct effect and further support the model that Cul4A is a positive cell cycle regulator.
Cul4A is a core subunit of a ubiquitin ligase, and our findings that Cul4A interacts with and destabilizes p27 show that a Cul4A ubiquitin ligase targets p27 for degradation. We propose a model where this Cul4A ubiquitin ligase targets p27 for degradation and promotes proliferation in erythroid progenitors and proerythroblasts. Supporting this model, p27 protein is elevated nearly 3-fold in early erythroid precursors isolated from the bone marrow of Cul4A-haploinsufficient mice. Furthermore, Cul4A expression and consequently p27 degradation are down-regulated during erythroid terminal differentiation, and p27 accumulates to signal cell cycle arrest. Fewer erythroid progenitors in Cul4A-haploinsufficient mice could result from lowered Cul4A-mediated ubiquitination, elevated p27 levels, and fewer proliferating progenitors. Overexpression of Cul4A would lower p27 levels and promote proliferation. We observe modest increases in the proliferation of G1E-ER4 cells overexpressing Cul4A and in the proportion of these cells in S phase (34% and 8%, respectively, Figure 3) . Because the expression of p27 in these cells is already relatively low compared to after Figure 7 . After phenylhydrazine-induced stress, the expression of p27 protein in early erythroid precursors from Cul4A ؉/؊ mice is elevated compared to wild-type controls. Wild-type and Cul4A ϩ/Ϫ mice were treated with phenylhydrazine as described for Figure 2 . On day 4, bone marrow cells were isolated separately from each mouse, and proerythroblasts and basophilic erythroblasts were identified and isolated with a fluorescence-activated cell sorter, as described in Figure 1 . Cul4A, p27, and ␤-actin protein levels were determined by immunoblot. Actin was used as a loading control. A representative immunoblot from 2 independent experiments and their combined results are shown (mean Ϯ SEM for 5 wild-type and 6 Cul4A ϩ/Ϫ mice, *P ϭ .03). Cul4A-HA and empty vector control cells were induced to differentiate for 24 hours, 3 ϫ 10 6 cells/100-mm dish were treated with 10 g/mL cycloheximide for the indicated times, cells were harvested, lysates were prepared, and 10 to 30 g total lysate for each sample was analyzed by immunoblot and probed with anti-p27 or anti-␤-actin antibodies. Actin was used as a loading control. For Cul4A-HA (OE) and empty vector control cells (f), the amount of p27 at each time point was normalized to the amount of p27 at 0 hours (100%). Because significantly less p27 is present in Cul4A-HA cells compared to the control, 2 different exposures of the same anti-p27 immunoblot are shown. Representative results from 2 independent experiments are shown. (C) For lanes 1-4, Cul4A-HA cells were induced to differentiate for 24 hours, cells were harvested, protein lysate was prepared, and for each sample, 1 mg total protein lysate was precleared with protein A and protein G Sepharose beads, followed by immunoprecipitation with anti-p27, anti-Cul4A, or anti-HA antisera (all from rabbit) and incubation with protein A and protein G Sepharose beads. Immunoprecipitated proteins were eluted with sample buffer and analyzed by immunoblot probed with antibodies that recognize HA, Cul4A, or p27. Immunoprecipitation with protein A and protein G Sepharose beads alone was used as a negative control. For lanes 5-9, G1E-ER4 cells were induced to differentiate for 24 hours, protein lysate was prepared, immunoprecipitations with anti-HA, anti-p27, or anti-Cul4A antisera were performed as described for lanes 1-4. Immunoprecipitated proteins were eluted with sample buffer and analyzed by immunoblot probed with antibodies that recognize Cul4A or p27. Immunoprecipitations with either normal rabbit IgG, protein A and protein G Sepharose beads alone, or rabbit anti-HA antiserum (antiserum against an unrelated protein in these cells) were used as negative controls, all of which failed to immunoprecipitate either p27 or Cul4A, indicating that the anti-p27 and anti-Cul4A antibodies interact specifically with their respective antigens. Representative results from 3 independent experiments are shown.
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For personal use only. on January 13, 2018. by guest www.bloodjournal.org From the induction of differentiation ( Figure 5 ), modest Cul4A overexpression might have a fairly small impact on p27 protein level and proerythroblast proliferation. However, the persistence of Cul4A expression during terminal differentiation impedes p27 upregulation and interferes with cell cycle exit and erythrocyte maturation (Figures 4-5) .
In vitro studies demonstrate that p27 levels increase as erythroid cells terminally differentiate. 25, [31] [32] [33] [34] Coupled with its established function as a cyclin-dependent kinase inhibitor, 35, 36 the model that p27 is involved in directing cell cycle exit during erythroid terminal differentiation is well supported. Our findings indicate that a Cul4A ubiquitin ligase targets p27 for degradation in erythroid cells. However, the SCF Skp2 ubiquitin ligase (containing the Cul1 cullin) was also shown to target p27 for degradation in nonhematopoietic cells, [37] [38] [39] and 2 reports show indirectly that SCF Skp2 regulates p27 in erythroid cells. Bouscary et al found that blocking phosphoinositide 3-kinase activity in erythroid progenitors with LY294002 prevented Epo-stimulated proliferation and increased p27. 40 A protein associated with SCF Skp2 increased in response to Epo, and LY294002 prevented this increase. Myeloid leukemia factor 1 (MLF1) is part of a translocation associated with acute myeloid leukemia. 41 Winteringham et al 42 induced murine erythroleukemic cells to differentiate with Epo and found that overexpressing MLF1 prevented cell cycle exit and p27 induction. The expression of SCF Skp2 subunits (Cul1, Skp1, and Skp2) were down-regulated during differentiation, and MLF1 overexpression prevented this decline. Therefore, p27 appears to be regulated by both Cul4A and Cul1 ubiquitin ligases.
Given the complex role p27 plays in regulating cell cycle progression, it is not surprising that its regulation involves multiple pathways, including 2 different ubiquitin ligases. Both cyclin E and c-Jun are also regulated by multiple, distinct ubiquitin ligases. Phosphorylated cyclin E bound to Cdk2 is targeted for degradation by the Cul1-containing SCF Cdc4 ubiquitin ligase, [43] [44] [45] whereas unphosphorylated cyclin E is targeted by a different Cul1 ligase, SCF Skp2 , 46 and a Cul3 ubiquitin ligase. 47 Likewise, unphosphorylated c-Jun can be ubiquitinated by a Cul4A-based ligase, DCX DET1-COP1 , 14 and phosphorylated c-Jun is targeted by SCF Cdc4 . 48 The transcription of p27 is repressed by c-Myc in lymphoid cells, 49 and c-Myc expression is not repressed when Cul4A-overexpressing proerythroblasts are induced to differentiate (Figure 5) , so it is possible that Cul4A acts indirectly through c-Myc to repress p27 expression. However, our results that Cul4A and p27 coimmunoprecipitate and that p27 protein is destabilized when Cul4A is overexpressed (Figure 6 ) clearly show that Cul4A acts directly to promote p27 degradation.
In G1E-ER4 cells, enforced c-Myc expression prevents p27 mRNA induction and cell cycle arrest. 25 However, erythrocyte maturation proceeds in these c-Myc-overexpressing cells, indicating that c-Myc repression is required for cell cycle exit but not for erythrocyte maturation and that these 2 functions can be separated. Additionally, enforced p27 expression causes the accumulation of cells in G 1 and a decline in cells in S phase but not terminal erythrocyte differentiation, indicating that erythrocyte maturation does not necessarily follow from cell cycle exit. 32, 34 Because enforced Cul4A expression affects the repression of c-Myc, the induction of p27, erythrocyte maturation, and cell cycle exit, it appears that like GATA-1, Cul4A functions upstream of regulators that direct cell cycle exit or erythrocyte maturation or both. However, because GATA-1 levels during differentiation are not affected by enforced Cul4A expression, Cul4A does not appear to regulate GATA-1. A Cul4A ubiquitin ligase might target for degradation a protein that directs erythrocyte maturation, but none of the previously identified Cul4A ligase substrates (Cdt1, DDB2, c-Jun, HoxA9, and p53) are known to be involved in this function. In 32D myeloid cells induced with G-CSF to differentiate into granulocytes, a Cul4A ubiquitin ligase targets for degradation the HOXA9 homeodomain protein, which plays important roles in regulating granulocyte/monocyte differentiation. 15 Enforced HOXA9 expression interfered with granulocyte differentiation, which was restored by Cul4A overexpression. A 60% reduction in Cul4A reduced differentiation. These findings indicate Cul4A promotes differentiation, in apparent contrast to our findings for PLB-985 cells induced to differentiate into granulocytes or monocytes with dimethylformamide or phorbol-myristate acetate, respectively. 20 These differing findings might result because different pathways were being induced, with Cul4A targeting different regulators of differentiation. However, our findings for the erythroid lineage are consistent with our prior results for myeloid cells: Cul4A promotes proliferation, and its down-regulation is required for cell cycle exit and terminal differentiation.
Ubiquitin ligases regulate cell proliferation, differentiation, and apoptosis, and the ubiquitin pathway is often the target of cancer-related deregulation. 50 Bortezomib (PS-341 or Velcade) inhibits proteasome function, and in a large clinical trial, one third of patients with relapsed and refractory multiple myeloma who were treated with bortezomib showed significant clinical benefit. 51 A greater understanding of these ligases and their targets will promote the refinement of novel therapies.
